An extensive analysis has been carried out of mitochondrial biochemical and bioenergetic properties of fibroblasts, mostly skin-derived, from a large group of subjects ranging in age between 20 wk fetal and 103 yr. A striking age-related change observed in a fundamental process underlying mitochondrial biogenesis and function was the very significant decrease in rate of mitochondrial protein synthesis in individuals above 40 yr. The analysis of endogenous respiration rate revealed a significant decrease in the age range from 40 to 90 yr and a tendency to uncoupling in the samples from subjects above 60 yr. A surprising finding was the occurrence of a subgroup of individuals ≥90 yr old whose skin fibroblasts exhibited an exceptionally high respiration rate. This high rate was not due to respiration uncoupling, rather pointing to a compensatory phenomenon, not involving an increase in mtDNA content, in the corresponding skin fibroblast populations, or, possibly, to a selection of a different cell type secondary to more extensive dermal atrophy. The most important aging-related phenotypic effects observed were those that affected the cell oxidative phosphorylation (OX-PHOS) capacity. These were, in particular, the very significant reduction in the ratio of uncoupled to oligomycininhibited endogenous respiration observed in intact fibroblasts, which pointed to a decrease with donor's age in the control of respiration by the mitochondrial membrane potential, the very significant decrease in efficiency of OX-PHOS, as determined by novel in situ measurements of P:O ratios, and, consistent with these results, the very significant reduction in the respiratory control ratios. These findings clearly pointed to a dramatic mitochondrial dysfunction, which would lead to a decrease in ATP synthesis rate, with the observed decline in mitochondrial protein synthesis rate being a likely contributing factor. These observations have important implications for understanding the biology of aging, as well as the pathogenesis of aging-related degenerative diseases.
here is considerable evidence indicating that aging processes affect, although to a variable extent in different individuals and in different cells, mitochondrial structure and function. The data, which have been provided by a large number of biochemical, histochemical, and immunohistochemical investigations, have resulted in a complex picture (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Biochemical investigations carried out in various laboratories on pieces of tissues or isolated cell populations from animal sources (9, 11, 12) or on biopsy samples of human tissues (2) (3) (4) (5) (6) (7) (8) have shown in general a decrease with aging in the activities of the mitochondrial oxidative phosphorylation (OX-PHOS) apparatus (2-8; see, however, ref 10) . Whenever the analysis has been carried on tissue sections by histochemical or immunohistochemical methods or by in situ hybridization or laser capture microdissection and PCR, the results have clearly pointed to a mosaic cellular distribution of mitochondrial respiratory enzyme activities (13) (14) (15) (16) and of mutations of mtDNA (15, 16) . As a consequence, the results of biochemical investigations on pieces of tissues or whole cell populations can only yield average values for the parameters being investigated. An extensive analysis of the activities of respiratory enzymes and of ATP synthase (measured as ATP hydrolase) in mitochondria isolated from biopsy samples of human skeletal muscle from more than 200 "normal" subjects 10-90 yr old has revealed a large interindividual variability. A linear regression analysis has shown, however, a significant aging-related decline in the activities of some of the enzymes, which accounted in part, and to a different extent in males and females, for the observed variability of the measured parameters (7) .
In most of the work mentioned above, the genetic basis of the observed aging-related decline in the activities of the OX-PHOS apparatus was not investigated. However, a nuclear genome involvement in the aging-dependent defects detected in mitochondrial translation and cytochrome c oxidase (COX) activity of human fibroblasts has been reported (4, 8) . Furthermore, the observed correlation of the presence of mtDNA deletions with segmental respiration abnormalities in sarcopenia has pointed strongly to a causative role of mtDNA damage (16) . The question of the functional effects of agingdependent structural mtDNA alterations has been approached more directly in a largescale investigation in which human fibroblast cultures from differently aged individuals were used as mitochondria donors to transform mtDNA-less (ρ°) cells (17) . This work revealed a very significant age-dependent decline in respiratory rate and mtDNA content per cell in the transformed clones, without, however, any significant correlation between the decreases in mtDNA content and O 2 consumption rate in the most highly defective ρ° cell transformants. These observations clearly indicated the occurrence in fibroblastderived transformants of two independent, age-related functional alterations of mtDNA, presumably resulting from structural damage to this genome.
The results of the investigations mentioned above illustrate well the complexity inherent in the identification of the aging-dependent dysfunctions of the OX-PHOS apparatus and the variety of factors that play a crucial role in this analysis. These factors include, in particular, the dual genetic control, nuclear and mitochondrial, of the biogenesis and function of the OX-PHOS apparatus; the multiplicity of parameters involved in the assembly and activity of this apparatus; the inter-individual and intercellular variability in any of the parameters that one chooses to analyze; and the functional thresholds, which determine the extent of the alterations that the cell can tolerate in the various parameters without any change in the final OX-PHOS output.
In the present work, a comprehensive analysis has been carried out of the behavior of many biochemical and bioenergetic parameters underlying the OX-PHOS capacity of fibroblasts from a large number of normal human subjects 20 wk fetal to 103 yr in age. The fundamental conclusion of these investigations has been that several mitochondrial processes underlying the cell OX-PHOS capacity, i.e., mitochondrial protein synthesis, respiration, and coupling of respiration to ATP synthesis, deteriorate markedly with aging in human skin fibroblasts.
METHODS

Cells and culture conditions
The bromodeoxyuridine (BrdU)-resistant osteosarcoma-derived cell line 143B.TK -(ATCC CRL 8303; hereafter referred to as 143B) was grown in Dulbecco's modified Eagle's medium (DMEM), containing 4.5 mg glucose per ml, with 5% fetal bovine serum (FBS; not heat inactivated) and 100 µg/ml BrdU (18) , in 5% CO 2 in air. The fibroblast cultures, mostly skin-derived, from 55 individuals of ages varying between 20-wk fetal and 103 yr, were obtained either from the NIGMS Human Genetic Mutant Cell Repository (GM; Camden, NJ) or from the NIA Aging Cell Culture Repository (AG; Camden, NJ), or were derived from biopsies of old individuals (all from retirement homes) at the Clinical Neurology Institute of the University of Milan (ICNIT, Italy). No specimen came from autopsy samples. The list of all the fibroblast cultures used in the present work and their source is shown in Table 1 . All the donors were free of any neurological or muscular pathology. Table 1 also includes the biopsy site, the passage number of the shipped cultures and/or the cumulative population doubling level (PDL) of the frozen culture samples available at the source, and the estimated in vitro life span. All fibroblast cultures were utilized in general within two or three passages after receiving them. Human skin fibroblasts were cultured in DMEM supplemented with 20% FBS (not heat inactivated) in 5% CO 2 in air. All fibroblast cultures received from the NIGMS and the NIA cell culture repositories were mycoplasma free. That mycoplasma did not play any role in the present study was shown by the observation that the endogenous respiration of all fibroblast cultures was completely sensitive to antimycin, in contrast to the endogenous respiration of mycoplasma-infected cells, which is highly insensitive to antimycin (Di Nunno, C., and Villani, G., unpublished observations).
MtDNA analysis
Total DNA was isolated from the cultured cells, at the time of oxygen consumption analysis, by digestion with 0.1 mg/ml proteinase K in 10 mM Tris/HCl (pH 8.0 at 25°C), 150 mM NaCl, 10 mM EDTA, 0.1% sodium dodecylsulfate (SDS), followed by phenol/chloroform extraction and ethanol precipitation. The mtDNA content of the cells was quantified by slot blot hybridization of total cell DNA samples (19) , using a mtDNA specific probe [human mtDNA clone pTZ18/K4 containing the EcoRI/SacI fragment of human mtDNA, positions 41 to 2578 in the Cambridge sequence (20) ] [α-
32 P]dCTPlabeled by random priming (21) . To correct for the possible quantitative variation among samples, the same DNA blot was probed with a nuclear 28S rRNA gene fragment, constructed by PCR amplification with oligodeoxynucleotides corresponding to position 1503-1522 and 1981-2000 in the 28S rRNA gene (22) , purified on agarose gel, and [α-32 P]dCTP labeled by random priming. Quantification of the hybridization was carried out by analyzing the slot blot in a Phosphor-Imager (Molecular Dynamics). In each blot, a constant amount of total DNA from 143B cells was also quantified, and the corresponding data were used to normalize the data for inter-blot variation. Each value given below is the average of three to six normalized determinations. (24), of the various cell suspensions were lysed with 1% SDS and run on an SDS-15% to 20% exponential polyacrylamide gradient gel (23) . The gel was treated with DMSO/PPO, dried, and exposed for fluorography. Quantification of the total labeling of mtDNA-coded proteins was carried out by analyzing the gel in the Phosphor-Imager. For comparison of the data from different gels, the values obtained for the samples of fibroblasts in each gel were normalized to the value obtained for an equal amount of total proteins from 143B cells run in the same gel.
Mitochondrial protein synthesis
Measurement of endogenous (native, dinitrophenol-uncoupled, or oligomycininhibited) and of TMPD-supported O 2 consumption rates in intact cells
As previously described (25, 26) , exponentially growing cells, fluid changed the day before the measurement, were collected by trypsinization and centrifugation, washed once in TD, resuspended in the same buffer previously air equilibrated at 37°C, and transferred into a 1.5 ml water-jacketed Gilson polarographic chamber, containing a small magnetic bar and connected to a circulating water bath at 37°C and a YS model 5300 biological oxygen monitor (Yellow Springs Instruments), at a final concentration of 3 to 4 x 10 6 cells per ml (143B cells) or 1.5 to 3 x 10 6 cells per ml (fibroblasts). After the native endogenous O 2 consumption rate was recorded, oligomycin was introduced into the chamber at a concentration of 5 µg/ml, and, after the oligomycin-inhibited O 2 consumption rate was determined, dinitrophenol (DNP) was added at a concentration of 25-30 µM (for 143B cells) or 67-93 µM (for fibroblasts). In the case of fibroblasts, DNP was added gradually, starting from the low amount, up to a concentration at which the O 2 consumption rate was not increasing anymore. Then, after the DNP-uncoupled O 2 consumption rate was recorded, 20 nM antimycin A was introduced into the chamber to inhibit the upstream segment of the respiratory chain. After maximal inhibition of O 2 consumption, the endogenous cytochrome c pool was reduced by addition of 0.4 mM of the membrane permeant, one-equivalent electron donor N,N,N',N'-tetramethyl-pphenylenediamine (TMPD) and of 10 mM sodium ascorbate as the primary reducing agent, and the O 2 consumption was recorded. For calculating the TMPD-supported respiration rate, the auto-oxidation rate of TMPD, which is cyanide insensitive, was subtracted (26) .
Determination of the maximum cytochrome c oxidase capcacity relative to the endogenous DNP-uncoupled O 2 consumption rate
The determination of the maximum cytochrome c oxidase (COX) capacity relative to the endogenous DNP-uncoupled O 2 consumption rate (COX Rmax ) was carried out, as previously described (25) , by calculating the ratio of 0.4 mM TMPD-supported respiration (in the presence of 10 mM ascorbate) to DNP-uncoupled endogenous respiration in intact cells, under the conditions described above. As previously demonstrated, this value is very similar to that obtained by KCN titration of COX activity (25) .
P:O ratio and respiratory control ratio measurements in digitonin-permeabilized cells
These were made as described previously (26) . In particular, the cells were collected by trypsinization and centrifugation, resuspended in permeabilization buffer containing 75 mM sucrose, 5 mM KH 2 PO 4, 40 mM KCl, 0.5 mM EDTA, 3 mM MgCl 2 , 30 mM Tris (pH 7.4), counted, and supplemented with 1 mM PMSF. Digitonin, from a 10% solution in dimethylsulfoxide, was added at the optimal concentration, determined as the one giving the highest succinate-dependent respiration rate: this turned out to be 15 µg/10 6 143B cells (27) . For fibroblasts, a concentration of 10-15 µg/10 6 cells was chosen, as recommended by others (28) . After 1-2 min, digitonin was diluted by adding 5 vol of the same permeabilization buffer containing 0.3% bovine serum albumin. A portion of the cell suspension sufficient to give a final concentration in the chamber of 1.5-3 x 10 6 cells (fibroblasts) or 3-4 x 10 6 cells (143B) cells per ml was then centrifuged, and the cell pellet was resuspended by gentle pipetting in 0.2 ml of the permeabilization buffer airequilibrated at 37°C and transferred into the chamber under stirring. After addition of the inhibitor of adenylate kinase p1,p5-di(adenosine-5')pentaphosphate (Ap5A, Sigma Chemical), at 0.15-0.3 mM, to prevent dissipation of ADP, the O 2 consumption measurements were started by recording the baseline and then by adding 5 mM glutamate and 5 mM malate. The successive addition of ADP (usually 100 nmol) stimulated O 2 consumption (state 3 respiration) and, when the ADP was consumed, respiration turned back to state 4. The measurement of the amount of oxygen consumed in the passage from state 3 to state 4 allowed the calculation of the P:O ratio, i.e., the number of nanomoles of ATP produced per nanogram atom of oxygen consumed in the chamber (26) . The ratio of the rate of malate/glutamate-dependent respiration in the presence of ADP to the rate of respiration in the absence of ADP represented the respiratory control ratio (RCR).
Statistical analysis
Regression lines, correlation coefficients, coefficient of determination, and significance levels were determined with the program STATGRAPHICS PLUS (version 2.1) for PC.
RESULTS
Fibroblast cultures from two 20-wk fetal subjects and 53 postnatal subjects aged 1 to 103 yr were submitted to a comprehensive analysis of a variety of biochemical and bioenergetic parameters underlying their OX-PHOS capacity. As will be discussed later, in the present work, a general tendency has been observed for fetal fibroblasts to exhibit a behavior of several biochemical and bioenergetic parameters clearly different from that of fibroblasts from very young individuals. For this reason, the data for these samples have not been included in the calculation of the statistical significance of the fibroblast age-related changes.
MtDNA content
An extensive analysis of the mtDNA content per cell in fibroblast cultures from 35 individuals revealed a marked variability among samples from individuals of the same or similar age ( Fig. 1A and Table 2 ). There was an overall tendency of the mtDNA content, normalized to nuclear rDNA content, to decrease with age. This decrease, which approached statistical significance (r=-0.29; P=0.08), was more clear for the age range 21 to 103 yr, as shown by an age group plot, in which the average mtDNA contents in successive 20 yr range groups were plotted versus age (Fig. 1B) . Consistent with this conclusion were the results of an analysis in which the linear regression line and the correlation coefficient were determined for the skin fibroblasts from subjects who had achieved sexual maturity and adult development, namely those ranging in age between 19 and 103 yr. This analysis gave, for n = 31, an r value of -0.36 (P=0.046). The single fetal sample analyzed exhibited a mtDNA content slightly lower than the average found in individuals 1-19 yr in age.
Mitochondrial protein synthesis
The mitochondrial protein synthesis rate was measured in skin fibroblast cultures from a group of individuals larger than that analyzed above (i.e., 53), but including it, by in vivo pulse labeling with [
35 S]methionine-[ 35 S]cysteine of the mitochondrial translation products in the presence of emetine, an inhibitor of cytoplasmic protein synthesis. After being labeled, the lysates of the fibroblast cultures were fractionated on SDSpolyacrylamide gradient gels, and the labeling of the mitochondrial translation products from each culture was quantified relative to that of the products of reference cells (143B cells) present in each gel. Typical patterns of pulse-labeled mitochondrial translation products for fibroblast cultures from individuals of 20-wk fetal age or aged between 19 and 101 yr and for 143B cells are shown in Fig. 2 . The normalized quantitative data for one or two labeling experiments carried out on each of 53 fibroblast cultures are shown in Fig. 3 and Table 2 . It is clear that the two fetal fibroblast cultures exhibited a rate of mitochondrial protein synthesis significantly higher than the great majority of the postnatal samples (i.e., 50 of 51 samples). Furthermore, in the latter, there was a very significant (r=-0.55; P<0.0001) age-related decrease in the rate of mitochondrial protein synthesis (Fig. 3A) . In particular, despite the considerable inter-individual variability, an age group plot revealed that the average rate of mitochondrial protein labeling in fibroblasts remained fairly constant in the age range 1 to 39 yr, but decreased significantly in the fibroblasts from subjects in the age range 42 to 103 yr (Fig. 3B) . By restricting again the regression analysis to the skin fibroblasts from the subjects 19 to 103 yr (n=47), an r value of -0.48 (P=0.0006) was obtained (data not shown).
Native and DNP-uncoupled endogenous O 2 consumption rate in intact cells
Oxygen consumption was measured polarographically in TD buffer, in which 143B cells can respire using endogenous substrates at the same rate as in DMEM lacking glucose (25) . The antimycin-sensitive endogenous native respiration rate (nmol O 2 /min/mg protein) was measured in fibroblast cultures from 53 individuals ranging in age from 20-week fetal to 103 yr old (Table 2) , and in Fig. 4A these data are plotted versus age. The age distribution of the endogenous native respiration rates appeared to be very complex. Again, a marked variability among individuals was observed. The two fetal samples exhibited low endogenous respiration rates (<3 nmol/min/mg protein). The linear regression analysis of the data, excluding those for the fetal samples (n=51), showed an overall tendency of the O 2 consumption rate to decrease with age, but this decrease was not significant (r=-0.17; P=0.23). Despite the large scattering of the individual values, an age group plot revealed a fairly constant average rate of O 2 consumption in the cultures from individuals in the age range between 1 and 39 yr, and a clear tendency of the rate to decrease in the samples from individuals in the age range between 42 and 89 yr (Fig. 4B) . The regression line of the endogenous native respiration data from the subjects 1 to 89 yr old (n=38) did indeed show a very significant age-related decrease (r=-0.58; P=0.0001) (data not shown). By restricting the analysis to the skin fibroblast cultures from the subjects 19 to 89 yr in age (n=34), an r value of -0.55 (P=0.0007) was obtained (data not shown).
The decrease in respiration rate was not apparent in the fibroblasts from individuals ≥90 yr in age, due to the presence of a subgroup of six highly respiring samples (Fig. 4B) . In particular, the fibroblast cultures from four individuals exhibited an endogenous native respiration rate higher than 8 nmol O 2 /min/mg protein (ICNIT-90 yr, ICNIT-91-2 yr, ICNIT-100-1 yr, ICNIT-103 yr), and two, a rate higher than 6 nmol O 2 /min/mg protein (ICNIT-91-1 yr, ICNIT-100-2 yr); by contrast, the values for the fibroblast cultures from the individuals from 63 to 89 yr old were all below 5.6 nmol O 2 /min/mg protein. The analysis of the mtDNA content per cell in the highly respiring fibroblast cultures from the six individuals ≥90 yr in age (Table 2) failed to show any correlation of the high respiration rate with a higher mtDNA content. By excluding the data for the six highly respiring cultures from the linear regression analysis in Fig. 4A (n=45) , the overall agerelated decrease in endogenous native respiration rate became very significant (r=-0.516; P=0.0003; data not shown).
When the respiration was measured in the presence of the uncoupler DNP, to exclude any influence of the control of O 2 consumption by proton cycling and oxidative phosphorylation, an overall tendency to a decrease with age was again observed. This decrease was also not significant (r=-0.21; P=0.13), if the six highly respiring cultures from ≥90 yr old subjects were included in the analysis (Fig. 4C ), but became very significant (r=-0.58; P<0.0001) if they were excluded (data not shown). As observed for the endogenous native respiration data, the endogenous DNP-uncoupled respiration exhibited a fairly constant average rate in the cultures from individuals in the 1-39 yr age range and a clear decrease in the samples from individuals in the age range between 42 and 89 yr (Fig. 4C) . Here too, the regression line of the endogenous DNP-uncoupled respiration data from subjects 1 to 89 yr old (n=38) showed a very significant age-related decrease (r=-0.62; P<0.0001) (data not shown). By restricting the analysis to the individuals 19-89 yr old, an r value of -0.58 (P=0.0003) was obtained (data not shown). As expected, the O 2 consumption rates in the presence of DNP were higher than in its absence (Table 2) . However, as illustrated in Fig. 4D and Table 2 , the effect of DNP on endogenous respiration, as revealed by the values of DNP-uncoupled to native respiration ratio (UNR), was less pronounced in the donor's age range between 61 and 103 yr than in the younger age range, indicating an aging-related tendency to uncoupling. The O 2 consumption rates of the two fetal samples exhibited also only a small increase in presence of DNP (Fig. 4D) .
It is important to note that the high endogenous respiration rate observed in the fibroblasts from some individuals ≥90 yr in age was in general not due to uncoupling (Table 2 ). In fact, four highly respiring fibroblast cultures had normal UNR [i.e., UNR 1.8 with a respiration rate of 9. 
Analysis of TMPD-dependent respiration and determination of COX Rmax in intact cells
In previous work (25) (26) (27) 29) , it was shown that, in a variety of human cell types, including fibroblasts, there is in vivo only a low excess of COX capacity over that required to support the endogenous respiration rate, pointing to a tight control of respiration by COX. In the present study, the changes with age in the control of respiration by COX were determined in human fibroblast cultures derived from differently aged individuals. For this purpose, the COX Rmax was determined, as previously described (25) (26) (27) , as the ratio of (0.4 mM TMPD + 10 mM ascorbate)-dependent respiration rate (measured in the presence of DNP and antimycin A) to endogenous respiration rate measured in the presence of DNP, to avoid any effect of proton cycling and OX-PHOS on the measurement of O 2 consumption (Table 2 ). This ratio had been previously shown to be equivalent to the value of COX Rmax obtained by KCN titration of COX activity (25) . Also in this case, a different behavior was observed in the fibroblasts from fetal cells, which showed a large excess of COX activity. As shown in Fig. 5A and B, excluding the data from fetal fibroblasts, the COX Rmax appeared to increase significantly with age (r=0.29; P=0.045). Restricting the analysis of the postnatal samples to those from subjects 19 to 103 (n=48) lowered the significance of the age-related increase in COX Rmax (r=0.21; P=0.15). In principle, the increase in COX Rmax could be due to an increase in COX activity or a decrease in uncoupled endogenous respiration rate. In view of the previous observations of a large COX Rmax in respiratory deficient pT1 and pT4 cells carrying a MERRF syndrome-associated mitochondrial tRNA Lys mutation, or in 143B cells partially inhibited by 3 nM rotenone or 2.7 nM antimycin A (27) , it seemed reasonable to postulate that the increase in COX Rmax found in old subjects was due to the decrease in DNP-uncoupled respiration rate in old individuals. Indeed, as shown in Fig. 5C 
In situ determination of efficiency of oxidative phosphorylation
To obtain some information about the response of the respiration to the mitochondrial membrane potential in intact human fibroblasts, the ratio of DNP-uncoupled endogenous respiration to respiration inhibited by oligomycin, a drug that brings the cells very close to state 4, was determined ( Table 2 ). As shown in Fig. 6A , a very significant decrease with age in the ratio of maximum uncoupled respiration to oligomycin-inhibited respiration (r=-0.48; P=0.0007) was observed in fibroblasts from 46 differently aged (1-103 yr) subjects. The decrease in this ratio remained very significant if one restricted the analysis to the samples from subjects 19 to 103 yr in age (n=42; r=-0.40; P=0.0073; data not shown). These results pointed clearly to an aging-dependent decrease in the control of respiration by the mitochondrial membrane potential. The two fetal fibroblast cultures exhibited also a very low efficiency of this control.
A direct estimate of the aging-induced decrease in efficiency of ADP phosphorylation in fibroblasts was obtained by determining the P:O ratio, i.e., of the amount of ATP in nmoles produced from ADP + Pi per nanogram atom of oxygen consumed, by a novel in situ method, i.e., in digitonin-permeabilized fibroblasts in the oxygraph chamber (25) . The presence in the chamber of Ap5A, an inhibitor of adenylate kinase, prevented the dissipation of ADP by this enzyme. In this way, all the ADP consumed was phosphorylated by the mitochondrial ATP synthase, allowing the determination of the P:O ratio. In 143B cells, used as a control in the present work, the P:O ratio was found to be around 2.2. As shown in Table 2 and Fig. 6B , in which each value is the average of two determinations, in digitonin permeabilized fibroblasts from 32 postnatal subjects, the efficiency of ADP phosphorylation decreased very significantly with age (r=-0.53; P=0.0006). In particular, the P:O decreased from average values of ~2.3 and ~2.2, found in fibroblasts from individuals in the age ranges of 1 to 20 and, respectively, 21 to 40 yr, to an average value of ~1.8, found in fibroblasts from individuals older than 60 yr. The P:O values for the two fetal samples were 2.1 and 2.2.
The efficiency of the control of respiration by oxidative phosphorylation was also monitored by calculating the RCR, which is the ratio of the rate of respiration in the presence of ADP (state 3) to the rate of respiration in the absence of ADP (state 4). As shown in Fig. 6C , the RCR values in 33 postnatal fibroblast samples showed a very significant decrease with the donor's age (r=-0.66; P<0.0001). Both the P:O ratio and the RCR showed a very significant age-related decrease also when calculated for the subjects 19 to 103 in age (respectively, n=29, r=-0.51, P=0.004; and n=31, r=-0.64, P=0.0001; data not shown).
DISCUSSION
The present work represents a comprehensive analysis of age-related changes in mitochondrial functions pertaining to "in vivo" oxidative phosphorylation in fibroblast cultures from human subjects 20-wk fetal to 103 yr of age. Pronounced changes have been observed in parameters specifically related to the assembly and function of the OX-PHOS apparatus. An interesting outcome of this work has been the recognition that the developmental stage of the fibroblast donors, both in the prenatal and the postnatal period, may play an important role in determining the level of several parameters that control the OX-PHOS capacity of fibroblasts. In particular, the two fetal samples utilized here differed substantially from the samples of fibroblasts from very young individuals in many of the parameters analyzed, like mitochondrial protein synthesis rate, rate of native and DNP-uncoupled respiration, degree of uncoupling of respiration, flux control of COX, and control of respiration by the mitochondrial membrane potential. Because of these features of the fetal fibroblast cultures, which have not been recognized in previous investigations, the data from the two fetal samples have not been included in the present statistical analysis of the age-related biochemical and bioenergetic changes in human skin fibroblasts. It is planned, however, to extend the analysis of fetal fibroblast samples to a larger series in future work.
The present investigation has revealed a large variability among samples from individuals of the same or similar age in many of the parameters investigated. As to the causes of this variability, besides the obvious role of the genetic and epigenetic differences among individuals of the same age recruited as donors, one has to consider that the variety of sources of the fibroblast cultures and differences in the methodologies used for the preparation and handling of the biopsies and for cell culture may have contributed to the variations observed in the parameters analyzed. On the contrary, the available evidence argues against the idea that a significant role in generating this heterogeneity may have been played by the variability in the degrees to which the individual samples had undergone replicative senescence at the time when they were assayed. In fact, as illustrated by the data in Table 1 , the passage number and the cumulative population doubling level of the fibroblast cultures used were, in the great majority of cases, fairly low, especially when compared with the estimated in vitro life span that a culture could be expected to achieve before reaching senescence. The large variability observed in the level of a given parameter among individuals of the same or similar age has demanded the analysis of a large number of samples, as had been done in only a few of the previous studies carried out on tissue specimens (2, 3, 5, 6, 10) or on mitochondrial transformant cell lines derived from human subjects (17) . This requirement highlighted at the same time the inadequacy of several earlier investigations, in which samples from a limited number of subjects were examined.
Properties of fetal fibroblast samples
The high rate of mitochondrial protein synthesis in fibroblasts from individuals already after 20 wk of fetal life pointed to a fully functional mitochondrial translation apparatus. This was expected, in view of the fact that the fetal stage is a period of high rate of mitochondrial biogenesis (30) . Fibroblasts from fetuses of only 12 wk of gestational age have been previously shown to have functional respiratory enzymes, although less active than those in adult-derived fibroblasts (10). The low rates of endogenous O 2 consumption observed in the two fetal fibroblast cultures analyzed, which approached the lowest values found in old individuals, was not surprising, considering that anaerobic glycolysis is the predominant bioenergetic source in fetuses (30) . Treatment with DNP increased only moderately the rates of endogenous respiration in the fetal fibroblasts. The profile of the fetal fibroblasts, as determined in a preliminary way in the present work, thus matched that expected for cells very active in mitochondrial assembly but relying mostly on glycolysis for ATP production. It is clear, however, that the analysis of fetal fibroblasts needs to be expanded and correlated with the fetal age.
Donor age-related changes in postnatal fibroblast samples
In an analysis involving 34 postnatal samples from subjects of different ages, the fibroblast mtDNA content, normalized to nuclear rDNA, showed a decrease with donor's age, which approached statistical significance. This result is substantially consistent with previous observations made in the analysis of mtDNA-less (ρ°) cell transformants constructed by fusion of ρ° cells with enucleated fibroblasts from variously aged individuals (17) . These transformants exhibited a very significant decrease in mtDNA content per cell with the fibroblast donor's age. It seems very likely that the discrepancy in the extent of decrease in mtDNA content in the present and the previous work reflected differences in nuclear background between the fibroblasts and the recipient 143B.TK -ρ° 206 cells. Previously, the occurrence of a significantly higher mtDNA/cell protein ratio or mtDNA/cell volume ratio in fibroblasts from old donors than in fibroblasts from young donors had been reported (1). However, in view of the great interindividual variability in mtDNA content observed in the present work in fibroblast samples from donors in the same age range, the very limited number of samples (i.e., 6) analyzed in the cited work strongly suggests that statistical fluctuations played a major role in the above mentioned discrepancy. An aging-related decrease in mtDNA copy number has been recently reported in rat skeletal muscle and liver (12) .
The fundamental conclusion of the present work is that several mitochondrial processes underlying the cell OX-PHOS capacity, like mitochondrial protein synthesis, respiration, and coupling of respiration to ATP synthesis, deteriorate with aging in human skin fibroblasts, starting in general around 40 yr. It seems very likely that reactive oxygen species (ROS), either directly, or by causing mtDNA damage or nuclear damage, with the resultant synthesis of altered or quantitatively insufficient mitochondrial translation products or nuclear-encoded proteins, are mainly responsible for the aging-dependent OX-PHOS defects described above. The latter defects could, in turn, activate further the ROS production, thus creating a progressive vicious cycle.
The highly significant age-dependent decrease in mitochondrial protein synthesis rate observed in 51 fibroblast cultures from individuals 1 to 103 yr in age was a clear agerelated functional change. There was, however, a large interindividual variability in the mitochondrial protein labeling rate of subjects within each 20 yr age range. Previously, evidence had been reported for the mitochondrial protein synthesis rate being much lower in fibroblasts from 80 to 97 yr old individuals than in fetal fibroblasts (4, 8) . That work, however, did not clarify what were the relative contributions to this phenomenon of the difference in developmental stage between fetal cells and postnatal cells and of an agingdependent decline in rate of mitochondrial protein synthesis. The present work has provided clear evidence for the importance of both factors.
The analysis of the endogenous native or DNP-uncoupled respiration rate in the large group of fibroblast cultures from differently aged individuals investigated in the present work revealed a rather complex pattern. The clear tendency to a decrease in the respiration rates in the cultures from individuals in the age range from 42 to 89 yr was not apparent in the samples from the individuals in the 90 to 103 yr donor's age range, due to the presence of a subgroup of highly respiring cultures. The evidence obtained in the present work has indicated that the high rate of O 2 consumption in cells derived from that subgroup of very old individuals was in general not due to the tendency to uncoupling of endogenous respiration observed in fibroblasts from aged individuals. It is quite possible, on the contrary, that it represented a manifestation of a compensatory phenomenon not involving an increase in mtDNA content per cell. This possibility would extend to the aging processes the cell capacity to compensate for a deficient respiratory chain activity, which has been previously observed in cellular and mouse models of mitochondrial myopathy, caused, respectively, by the mitochondrial tRNA Leu(UUR) mutation responsible for the MELAS encephalomyopathy (31) and by the mitochondrial transcription factor A (Tfam) disruption (32) . Another possibility is that the unusually high endogenous respiration rate of the skin fibroblast cultures from some very old subjects reflected the selection of a different cell type as a result of a more extensive dermal atrophy.
The age-related decrease in endogenous native respiration rate observed in the fibroblasts from individuals 42 to 89 yr in age accounted well for the observed increase in the same donor's age range in the maximum COX capacity relative to the endogenous respiration. Therefore, these results would indicate that, in the fibroblasts from old individuals, as observed in the fetal fibroblasts, the upstream respiratory chain activities are more limiting. In particular, it is very likely that the factor responsible for the aging-related increase in COX Rmax in human skin fibroblasts is a decrease in NADH-dehydrogenase (complex I) activity. A pronounced aging-related decrease in complex I activity has indeed been observed in human skeletal muscle (2, 5, 7) , human platelets (33), rat liver and brain cortex (33, 34) , rat muscle (35) , and rhesus monkey frontoparietal cortex (11) . Furthermore, in some cases, evidence has been presented that complex I becomes strongly rate limiting for electron transfer with aging (33, 34) .
The most important result in the present study was the demonstration of a very significant decrease with the age of the donor in the coupling efficiency of respiration and phosphorylation, as determined by in situ measurements of P:O ratios and also revealed by a reduction in the RCR. Previously, an age-related decrease in P:O ratios, measured using either malate/glutamate or succinate as respiratory substrates, had been observed in human liver mitochondria isolated from biopsies of 35 individuals 31 to 76 yr in age (3).
The present work has provided no information on the genetic basis of the observed agerelated changes of mitochondrial biochemical and bioenergetic functions in human fibroblasts. However, work is in progress with the aim of establishing if any correlation exists between these changes and the recently described aging-dependent accumulation in human fibroblasts of mutations at critical control sites for mtDNA replication (36) (37) (38) . . In B and C, each point derives from two measurements made in the same experiment. See Methods for details. In A, B, and C, the regression analysis of the postnatal data (filled circles) is shown, the 2 fetal values (open circles) being excluded. In B and C, the value for the sample of the 13 y individual was also excluded from the analysis.
